Molecular imaging of living subjects continues to rapidly evolve with bioluminescence and fluorescence strategies, in particular being frequently used for small-animal models. This article presents noninvasive deep-tissue molecular images in a living subject with the use of Raman spectroscopy. We describe a strategy for small-animal optical imaging based on Raman spectroscopy and Raman nanoparticles. Surface-enhanced Raman scattering nanoparticles and single-wall carbon nanotubes were used to demonstrate whole-body Raman imaging, nanoparticle pharmacokinetics, multiplexing, and in vivo tumor targeting, using an imaging system adapted for small-animal Raman imaging. The imaging modality reported here holds significant potential as a strategy for biomedical imaging of living subjects.
M olecular imaging of living subjects provides the ability to study cellular and molecular processes that have the potential to impact many facets of biomedical research and clinical patient management (1) (2) (3) (4) . Imaging of small-animal models is currently possible by using positron emission tomography (PET), single photon emission computed tomography, magnetic resonance imaging, computed tomography, optical bioluminescence and fluorescence, high frequency ultrasound, and several other emerging modalities. However, no single modality currently meets the needs of high sensitivity, high spatial and temporal resolution, high multiplexing capacity, low cost, and high-throughput.
Fluorescence imaging, in particular, has significant potential for in vivo studies but is limited by several factors (5, 6) , including a limited number of fluorescent molecular imaging agents available in the near infra-red (NIR) window with large spectral overlap between them, which restricts the ability to interrogate multiple targets simultaneously (multiplexing). In addition, background autofluorescence emanating from superficial tissue layers restricts the sensitivity and the depth to which fluorescence imaging can be used. Moreover, rapid photobleaching of fluorescent molecules limits their useful lifetime and prevents studies of prolonged duration. Therefore, we have attempted to develop new strategies that may solve some of the limitations of fluorescence imaging in living subjects.
Raman spectroscopy can differentiate the spectral fingerprint of many molecules, resulting in very high multiplexing capabilities. Narrow spectral features are easily separated from the broadband autofluorescence, because Raman is a scattering phenomenon as opposed to absorption/emission in fluorescence, and Raman active molecules are more photostable compared with fluorophores, which are rapidly photobleached. Unfortunately, the precise mechanism for photobleaching is not well understood. However, it has been linked to a transition from the excited singlet state to the excited triplet state. Photobleaching is significantly reduced for single molecules adsorbed onto metal particles because of the rapid quenching of excited electrons by the metal surface, thus preventing excited-state reactions and hence photobleaching (7) . However, the inherently weak magnitude of the Raman effect (Ϸ1 photon is inelastically scattered for every 10 7 elastically scattered photons) limits the sensitivity and, as a result, the biomedical applications of Raman spectroscopy. The discovery of the surface enhanced Raman scattering (SERS) phenomenon offers an exciting opportunity to overcome this lack of sensitivity and introduce Raman spectroscopy into new fields (8) . SERS is a plasmonic effect where molecules adsorbed onto nano-roughened noble metal surfaces experience a dramatic increase in the incident electromagnetic field, resulting in high Raman intensities comparable to fluorescence (6) .
Single-walled carbon nanotubes (SWNTS) also show an intense Raman peak produced by the strong electron-phonon coupling that causes efficient excitation of tangential vibration in the nanotubes quasi one-dimensional structure upon light exposure (9) . Recent demonstrations of tumor targeting, using radiolabeled SWNTS (10) combined with low toxicity effects and rapid renal excretion (11) , suggest that carbon nanotubes may also become promising molecular imaging agents for living subjects. Here, we report for the first time, to our knowledge, noninvasive imaging of SERS active nanoparticles [namely, Nanoplex Biotags (Oxonica) were used in this study and henceforth are referred to as SERS-biotags or biotags] and SWNT nanoparticles in small living subjects by using Raman spectroscopy. Instrument adaptation to small-animal imaging, quantification of reproducibility and sensitivity, pharmacokinetics of nanoparticles, demonstration of multiplexing, in vivo tumor targeting after tail-vein injection, and whole-body deep-tissue imaging are all established in this work.
Results
Optimization of Raman Imaging Instrumentation. Optical microscopes designed for surface imaging through transparent media face significant losses of light when imaging through a diffusive tissue because of light scattering. We used a Raman imaging setup based on a Renishaw InVia Raman microscope equipped with an excitation laser at 785 nm, which is typically used for surface imaging. Several measures were taken to optimize this setup specifically for small-animal imaging. A high numerical aperture (NA) objective, commonly used on this microscope setup, was found to be less than ideal when imaging small animals for both illumination and light collection. A small spot size illumination obtained by a high NA objective limits the permissible laser power that can be used before tissue damage. Moreover, high NA objectives collect light efficiently only from a small spot size; a highly diffusive propagation of light photons through tissue results in only a very small number of scattered photons emanating from the same small spot size. For these reasons, we found that a ϫ12 open field lens with a defocused beam, resulting in a spot size of 20 ϫ 200 m, worked well. The spectral resolution was adjusted to allow high sensitivity while being able to multiplex different SERS nanoparticles by opening the monochromator slit (100-m width) to obtain a spectral resolution of 10 cm Ϫ1 . A computer controlled stage was also added to the microscope setup to allow automated mapping of large surfaces. Raman images were obtained by using a Raman point-mapping method. The computer-controlled x-y translation stage performed a raster scan of a region of interest over the mouse, the Raman spectrum was measured at every point, and software algorithms were used to calculate the SERS nanoparticle concentration and generate a two-dimensional mapping image of the SERS nanoparticle distribution. Finally, a heated bed and an anesthesia inhalation unit were attached to the microscope stage to allow a long, motionless scan time at a stabilized body temperature. A photograph of the imaging setup is shown in supporting information (SI) Fig. S1a .
Raman Nanoparticles. The ideal properties of a nanoparticle used for small-animal Raman spectroscopy would include small dimensions, simple conjugation methods, no toxicity effects, and intense and unique Raman spectra. Recently developed SERS active nanoparticles, called Nanoplex Biotags (Oxonica), composed of a gold core, Raman-active molecular layer (see Methods), and silica coating, schematically shown in Fig. S1b , hold significant potential for in vivo imaging applications (12) . The glass coating of these SERS nanoparticles guarantees physical robustness, insensitivity to environmental conditions, and simple biofunctionalization of the well studied silica surface chemistry. The SERS-nanoparticles were designed to maximize the Raman signal, and the NIR excitation and emission profiles are ideal for minimizing light absorption by tissue. SERS nanoparticles used in this study had a mean diameter of 120 nm, as seen in the transmission electron microscopy image in Fig. S2 . SWNTS exhibit a strong Raman peak at 1,593 cm Ϫ1 , which allows high sensitivity detection (Fig. S3) . Unlike the SERS nanoparticles, these SWNTs are inherently Raman active and do not use a metal surface enhancer to increase Raman detection. The high aspect ratio of the carbon structure of SWNTs is ideal for bioconjugation, and recent reports have successfully shown specific tumor targeting in vivo within various tumor models, using various functionalized SWNTs (10, 13, 14) . SWNTs have a very small diameter of Ϸ3 nm and a length of 200 nm, as schematically shown in Fig. S1c and on the atomic force microscopy image in Fig. S2b . SERS and SWNT nanoparticles were both tested for stability in mouse serum and incubated at 37°C over a 5-day period with no degradation of Raman signal detected (data not shown).
Imaging System Characterization. We demonstrated the in vitro and in vivo reproducibility of the measured and processed Raman spectra. Five samples (5-l volume), each with 6.6 fmol of SERS nanoparticles, were measured on a piece of parafilm, using the Raman imaging setup. The coefficient of variance (COV) of the calculated SERS nanoparticle concentration, using the quantitative analysis method described in Methods, showed a reproducibility of 1.9%. Reproducibility was also evaluated in a nude mouse with four separate s.c. injections of 16 fmol of SERS nanoparticle (10-l volume) mixed with a gelatinous protein mixture known as matrigel, which resembles the complex extracellular environment found in many tissues (10-l volume). The matrigel was used to keep the SERS nanoparticles from diffusing quickly out of the skin and showed no inherent Raman spectra as expected (Fig. S4) . The SERS nanoparticle component concentration calculated for different injection sites showed a COV of 3.1%. Deep tissue reproducibility was also determined by injecting 260 fmol of SERS nanoparticles (200-l volume) via the tail-vein into three nude mice. Nanoparticles of various types are naturally taken up by the reticuloendothelial system and thus can be found in the Kupffer cells of the liver (15) . The liver of each mouse was imaged Ϸ30 min after tail-vein injection, and component analysis revealed a COV of 16.7% between the three mice. Naturally, the higher variability could be attributed to a number of factors, such as positioning, injection technique, and individual animal pharmacokinetics. Reproducibility in the liver of a single mouse imaged repeatedly (eight times) showed a COV of 2.8% (data not shown).
Sensitivity was evaluated by s.c. injecting three mice with decreasing concentrations of SERS nanoparticles in a volume of 20 l. The data revealed a highly linear relationship between calculated and injected concentration of nanoparticles with an R 2 ϭ 0.99. The smallest amount of SERS nanoparticles detected in a 20-l s.c. injection was 8.125 pM. Ex vivo measurements showed high linearity with R 2 ϭ 0.997 and a detection limit as low as 600 particles (Fig. S5) .
The maximum depth of penetration for our Raman microscope was evaluated by using a tissue mimicking phantom, where a maximum depth of 2 mm was observed by using 6 nM SWNTs and 5.5 mm, using 1.3 nM SERS nanoparticles (for more details, see SI Text). However, deeper penetration could be achieved by increasing administered nanoparticle concentration or slightly increasing the laser power while still remaining below exposure limits.
The effect of changing the working distance between the lens and the subject was also evaluated ex vivo, by changing the stage height that contained a 5-l sample of 6.6 fmol of SERS nanoparticles and in vivo with a mouse that had been injected via tail vein, with a 200-l sample of 260 fmol of SERS nanoparticles. The component concentration was found to increase exponentially as the sample per mouse on the stage was moved closer to the lens of the microscope (data not shown). However, calculated concentration only weakly depends on variations in objective-subject distance when detected through the diffusive mouse tissue.
Demonstration of SERS Nanoparticle Multiplexing in Mice. Each type of the SERS nanoparticles (Nanoplex biotags) contains a different Raman-active material with its own unique spectral fingerprint allowing detection and quantification of multiple tags simultaneously within the same animal. Two types, SERS 421 and SERS 440, with different Raman signatures were s.c. injected into a mouse to demonstrate the multiplexing capabilities in living subjects. The first s.c. injection consisted of 5 l (6.6 fmol) of S421 and 15 l of matrigel (Fig. 1a) . The second s.c. injection consisted of 5-l (6.6 fmol) of SERS 440 and 15 l of matrigel (Fig. 1b) . The third s.c. injection consisted of an equal mix of SERS 421 (5 l), SERS 440 (5 l), and 10 l of matrigel (Fig. 1c) . Based on their different Raman spectra, the concentration of each SERS nanoparticle could be calculated by using the component analysis method described later (see Methods). Fig. 1 shows the concentration mapping of the injection sites. The area of the three s.c. injections was mapped with a step size of 500 m and an integration time of 1 s. The map shows the three individual injection sites; each assigned a color by the Nanoplex software based on their corresponding spectra, with the concentration magnitude portrayed as pixel brightness. Note that the third injection site was calculated to have a yellow color that correlates with an equal mix of the SERS 421 (red) and SERS 440 (green) SERS nanoparticles. Ex vivo experiments verifying the system's multiplexing capability are shown in Fig. S6 .
In addition, we have been able to successfully multiplex four types of SERS Raman nanoparticles of varying concentrations in a living mouse. The first four s.c. injections consisted of 5 l (6.6 fmol) of each SERS particle and 5 l of matrigel as shown in 32 fmol) , and 10 l of matrigel. Based on their different Raman spectra, the concentration of each SERS nanoparticle could be calculated by using the component analysis method. Fig. S7 b-e show the four SERS components and the correlating intensity of the fifth injection site corresponding to the concentration of that particular component. The different intensities of the fifth injection site represented in each of the maps (Fig. S7 b-e) qualitatively correlates with the different concentrations of each SERS nanoparticle mixed. Notice how SERS 420 has the most intense pixel brightness in the fifth injection site (Fig. S7c) , followed by SERS 421 (Fig. S7e) with the second most intense, then SERS 481 with the third most intense (Fig. S7d) , and finally SERS 482 with the least intense at the fifth injection site (Fig. S7b) . The area of the five s.c. injections was mapped with a step size of 750 m and an integration time of 1 s. The map shows the five individual injection sites; each is assigned a color by the software based on their corresponding spectra, with the concentration magnitude portrayed as pixel brightness. The unique Raman spectra of these four different SERS nanoparticle are depicted in Fig. S8 .
Liver Pharmacokinetics of SERS Nanoparticles and SWNTs. Taking advantage of the multiplexing capabilities of SERS nanoparticles detected by Raman spectroscopy, we studied the circulation properties of both pegylated and nonpegylated SERS nanoparticles simultaneously in living mice. An equal mixture of pegylated (PEG) and nonpegylated SERS nanoparticles (260 fmol of in a 200-l volume), each with different Raman signatures, were tail-vein injected to evaluate their accumulation in the liver as a function of time. The laser was positioned over the mouse's liver before injection, and a Raman spectrum was acquired with a 10-s integration time over a period of 90 min. Quantitative analysis was used to calculate the relative concentration of the two different SERS nanoparticles, which nearly simultaneously accumulated in the liver (Fig. S9) . The first group of mice (n ϭ 3) that received an equal mix of 5 kDa of PEG and nonpegylated SERS nanoparticles showed no difference in liver accumulation between each of the nanoparticles and at 2 min after injection (Fig. 2a) . The second group of mice (n ϭ 3), which received an equal mix of 20 kDa PEG and nonpegylated SERS nanoparticles, also showed no difference in liver accumulation between each of the nanoparticles and plateaued at 4 min after injection (Fig. 2b) . As with many nanoparticles administered intravenously, evading the macrophages of the reticuloendothelial system remains a constant problem, where in some in vivo cases pegylation is insufficient, as seen in our data and reported by Moghimi et al. The pharmacokinetics of SWNTs were also evaluated over a period of 90 min in 4 mice to reveal a fluctuation in nanotube distribution in the liver over the first 10 min followed by a continuous increase out to 90 min (Fig. 2c) .
Whole-Body Noninvasive Imaging of SERS Nanoparticles. For wholebody mapping, mice were tail-vein injected with 260 fmol of SERS nanoparticles in a 200-l volume. A raster scan was acquired 2 h after injection over a large portion of the mouse body with 1 mm step size and 3 s integration time. Quantitative analysis software calculated the concentration of SERS nanoparticles and generated an image showing accumulation of the SERS nanoparticles in the liver (Fig. 3a) . A finer mapping with step size of 750 m over the liver region reveals a detailed image of the liver. A slight distinction between liver lobes can be seen in this higher resolution image (Fig. 3b) . SERS nanoparticles were visualized in the liver region out to 24 days after tail-vein injection, and continued to produce a recognizable spectrum with sustainable intensity for 24 days. Killed animals underwent ex vivo tissue analysis, and we confirmed the presence of SERS nanoparticles in the liver of mice (data not shown).
Whole-Body Noninvasive Imaging and Tumor Targeting of SWNTs.
SWNTs were also imaged in nude mice after tail-vein injection of Ϸ60 pmol in 200 l. An intense peak at 1593 cm Ϫ1 makes nanotubes easily detected with Raman spectroscopy. A Raman image was acquired with a raster scan 2 h after injection with a step size of 1 mm and an integration time of 3 s. The map revealed accumulation of nanotubes in the liver and a random distribution faintly dispersed across the peritoneal cavity (Fig. S10a) . The SWNTs were also evaluated daily for liver accumulation and showed an increase in Raman intensity several days after tail-vein injection. Because of this continuous rise in Raman signal in the liver, another map of the same area, using the same image acquisition parameters, was taken at 72 h after injection to reveal a better defined liver with better delineation of the liver than the previous 2 h image of the same area (Fig. S10b) . Daily evaluation of the liver continued to show Raman signal in the liver until 12 days after injection, at which time the animals were killed. Killed animals underwent ex vivo tissue analysis, and we confirmed the presence of nanotubes in the liver of mice (data not shown).
Furthermore, preliminary data demonstrated the ability of our modified Raman microscope to detect targeting of SWNTs conjugated with arginine-glycine-aspartate (RGD) peptide in an integrin positive U87MG tumor model in living mice. This RGD peptide binds to ␣ v ␤ 3 integrin, which is overexpressed in angiogenic vessels and various tumor cells (16) . Tumor targeting of RGD SWNTs was described by Liu et al. (10) , using microPET imaging and ex vivo Raman imaging of tissues. Six mice, s.c. inoculated with 2 ϫ 10 6 U87MG cells near the right shoulder were divided into two groups. The first group (experimental) received a tail-vein injection of RGD conjugated SWNTs of Ϸ60 pmol in 200 l. The second group (control) received an i.v. injection of plain nontargeted SWNTs of the same concentration. Raster scans were acquired at 24 h after SWNT injection over the tumor area with 750-m steps to generate Raman images (Fig. 4a) . The images revealed an intense accumulation of RGD conjugated SWNTs in the tumor area; however, little to no accumulation of plain SWNTs was observed in the tumor area at 24 h after injection. Raman spectra were taken in living mice at 24 h after injection and revealed a significant increase (P Ͻ 0.05) in SWNT accumulation in the tumor areas of experimental mice receiving RGD SWNTs (SWNT concentration: 0.0204 Ϯ 0.0087) compared with the control group receiving plain SWNTs (SWNT concentration: 0.0016 Ϯ 0.0005) (Fig. 4b) .
Discussion
In summary, we adapted a Raman microscope to demonstrate Raman imaging of small living subjects while using two different types of Raman nanoparticles, SERS active nanoparticles (Nano- plex Biotags), and SWNTs. We have shown relatively high signal reproducibility both in vitro and in living subjects and the ability to produce an image of nanoparticles from both s.c. locations and from deeper tissues (e.g., liver) in living mice. Furthermore, we have demonstrated the ability to follow the arrival of nanoparticles in liver tissue to create time-activity curves. A minimum detection sensitivity of 8.125 pM was observed in a living mouse while using SERS nanoparticles. The ability to multiplex with four SERS nanoparticles presenting different Raman spectra was also demonstrated with the rapid and straightforward distinction between these nanoparticles in living mice. These initial results are encouraging and demonstrate the potential robustness of a Raman-based imaging strategy for small living subjects.
In the current proof-of-principle work, we demonstrated detection of Raman nanoparticles in both superficial and deep tissues along with an initial evaluation of its potential to detect tumor targeting with SWNTs conjugated to RGD peptide in an U87MG animal model. The primary limitation to Raman imaging of larger subjects will be those also faced by other optical techniques and is limited by NIR light penetration beyond a few centimeters of tissue (17) . The key advantages of the current Raman imaging strategy over fluorescence is the very high multiplexing capability and lack of confounding background signal from autofluorescence. A study by Souza et al. (18) was able to collect a Raman spectra from the surface of a mouse (without forming any images) but had to use intratumoral injection of nanoparticles and also a very large concentration (3.8 M) of Raman nanoparticles in a relatively large volume of 300 l (18) . Another group has applied multiple Raman signals to follow the distribution of cholesterol in a rat eye while showing the phenotyping of lymphocytes by using a single nonenhanced Raman-labeled (filipin) polystyrene bead to monitor cholesterol in a rat eye in conjunction with the inherent Raman peak associated with proteins to follow the distribution of cholesterol (19) . Furthermore, it was shown that these Raman-labeled polystyrene spheres could be successfully used in combination with a fluorescent label. Using an additional Raman label, can overcome the many limitations that arise with fluorescence such as photobleaching, autofluorescence, and a limited number of fluorescent labels. Although we demonstrated multiplexing with only four SERS nanoparticles, we should be able to easily image many more simultaneously injected SERS nanoparticles, and as many as 10 spectrally distinct SERS nanoparticles are already available (e.g., Oxonica).
Glass-encapsulated SERS active nanoparticles are only one kind of Raman particle recently developed that can be used as contrast agents for molecular imaging. Roughened surface noble metal nanoparticles labeled with binding affinity molecules have also been shown to dramatically increase the Raman signal of their complementary molecules once attached through the SERS mechanism (12, 20, 21) . Conjugation of monoclonal antibodies with SERS nanoparticles for targeting and imaging of specific cancer markers in live cultured cells was also recently investigated (5) . Another study presents the first in vivo application of SERS for glucose measurements in a rat (22) by s.c. implantation of functionalized SERS nanospheres.
Recent publications have reviewed the rapid increase of Raman spectroscopy in many biomedical applications (23) (24) (25) . One report has demonstrated the ability of Raman spectroscopy to diagnose benign and malignant excised breast tissue with high sensitivity and specificity (26) . Another article discusses the potential of Raman spectroscopy to analyze the morphologic composition of atherosclerotic coronary artery lesions and assess plaque instability and disease progression in vivo (27) . The recent development of a highly efficient Raman optical fiber probe has now bridged the gap between Raman spectroscopy and the clinical setting. The optical fiber probe has successfully demonstrated its usefulness in assessing human tissue models for disease and thus has great potential as a clinically practical technique (28, 29) . In particular, this Raman optical fiber probe has the potential of being an extremely useful tool in an intraoperative setting, for instance in surgical debulking of cancers. Its ultra-high sensitivity would be useful in detecting even the smallest presence of malignant tissues in the human body for excision. By using targeted SERS nanoparticles and noninvasive in vivo imaging, Raman spectroscopy can become an important clinical diagnostic tool, as demonstrated in this article.
Biodistribution of these Raman nanoparticles are currently being evaluated in our lab with the use of radiolabels (e.g., with positron emitters) so that quantification of exact nanoparticle concentration can be explored as we have recently done with radiolabeled quantum dots (30) . Additional work with tissue targeting of the Raman nanoparticles (SERS and SWNTS) should also help to further expand the eventual utility of the strategies developed in this work. Further studies with both SERS and SWNTS will still be needed to understand any potential limitations, including delivery due to nanoparticle size, optimal injected dose, and potential for toxicity. Just as quantum dots are finding increasing applications for imaging of small-animal models (31) (32) (33) , so should Raman nanoparticles lead to increasing applications without the limitations faced by conventional fluorescence imaging. Furthermore, the high sensitivity associated with our modified Raman microscope in conjunction with SERS nanoparticles (8.125 pM) represents an important advantage over the sensitivity of conventional fluoroscopy imaging devices in conjunction with quantum dots [Ϸ11 nM, using IVIS (Xenogen) and Maestro (CRi, Inc.) imaging systems (unpublished data)]. Additional comparisons between quantum dots and Raman nanoparticles should help to further demonstrate the true advantages of each technique. Although no single molecular imaging strategy (including Raman) is optimal for all biological models, the use of the current Raman imaging strategy along with existing optical and nonoptical strategies should help expand the available toolbox for the field of molecular imaging. In addition, we are developing new Raman spectroscopy instrumentation for dedicated imaging of small living subjects, which should lead to faster image acquisition times; the potential to estimate signal depth; and, eventually, tomographic imaging. Further optimized instrumentation and more studies with various Raman nanoparticles should help to markedly expand the use of Raman imaging of small living subjects and should also impact newer clinical imaging strategies. The current work sets the foundation for future studies and supports continued investigation of Raman imaging of living subjects.
Methods
Raman Imaging Setup. The Renishaw InVia Raman microscope, shown in Fig. S1 , consisted of a semiconductor diode near-infrared laser that operates at 785 nm and delivers 60 mW to the sample. Light was guided through a collimator onto a series of mirrors that focused the light through an open field 12ϫ microscope lens. The mouse was illuminated with the laser beam. Light from the illuminated spot was collected with a lens and sent through a monochromator. Rayleigh scattering close to the laser line was filtered through an edge filter. The remaining inelastic (Raman) scattered light was then focused through a slit (100-m width) and dispersed by a diffraction grating (600 grooves per millimeter) onto a CCD detector (deep depletion, PE-cooled to Ϫ70°C, with a size of 576 by 384 pixels; each pixel size is 22 ϫ 22 m), which then sends the detected Raman spectra to a workstation for further processing.
SERS and SWNT Nanoparticles. SERS active nanoparticles (Nanoplex Biotags; Oxonica) consisted of gold nanoparticles covered with a layer of Raman-active material and coated with glass. For more details on the structures of these SERS nanoparticles, please see Fig. S11 and SI Text. The SWNTS were provided by H. Dai (Stanford University, Stanford, CA) and had dimensions of a few nanometers in diameter and Ϸ200 nm in length (Fig. S1c) .
Animal Experiments. Female 8-week-old nude mice (Charles River Laboratories) were used for all Raman spectroscope studies. All procedures performed on the animals were approved by the Stanford University Institutional Animal Care and
